Background: The prognostic value of lymphovascular invasion (LVI) in esophageal cancer remains controversial. This study investigated the impact of LVI on prognosis in thoracic esophageal squamous cell carcinoma (ESCC). Methods: A total of 1586 patients who underwent radical esophagectomy were selected for the study. Correlations between LVI and clinicopathological features were evaluated by χ 2 test. Univariate analysis of the survival curve was conducted using the Kaplan-Meier method. Multivariate analysis was carried out by Cox regression. The Akaike information criterion (AIC) and the concordance index (c-index) were employed to assess model prognostic accuracy of different pN staging systems. Results: The presence of LVI was detected in 406 of 1586 (25.6%) patients. LVI frequency was significantly higher in patients with higher pN classifications (P < 0.001). LVI had independent significant prognostic value in ESCC (P < 0.001). In subgroup analyses, the presence of LVI significantly decreased overall survival in pN0, pN2, and pN3 stage patients. The AIC value of the pN staging system modified by LVI was lower than that of the current pN staging system, while the c-index of the modified pN staging system was higher than that of the current pN staging system. Conclusion: Our results suggest that LVI is an independent prognostic indicator in radically resected thoracic ESCC. LVI could potentially supplement the pN ESCC staging system. ESCC patients with LVI could be staged at more advanced pN classifications.
Introduction
Esophageal cancer is the fifth most common cancer in China, accounting for more than 20 000 cancer-related deaths annually. More than 90% of esophageal cancer cases have been classified as esophageal squamous cell carcinoma (ESCC) in China and esophageal adenocarcinoma is the predominant type in Western countries. 1, 2 Despite advances made in chemoradiotherapy for ESCC, esophagectomy is still the most effective treatment measure at present. [3] [4] [5] However, more than half of the patients who undergo radical esophagectomy develop locoregional or distant recurrence within three years. [6] [7] [8] The current system predicating the prognosis of patients with ESCC is based on the American Joint Committee on Cancer/Union for International Cancer Control (AJCC/UICC) Tumor Node Metastasis (TNM) classification comprising several clinicopathological features, such as depth of tumor invasion, tumor cell differentiation, regional lymph node metastasis, and distant metastasis. 9 Lymphovascular invasion (LVI) provides the substantial basis for cancer cells metastasizing from the primary tumor to locoregional nodes or distant organs; therefore, LVI might have significant prognostic value in cancer patients. 10 Several retrospective studies have reported that LVI is a poor prognostic factor for esophageal cancer, while others have reported that LVI is not a risk factor in esophageal cancer recurrence. [11] [12] [13] [14] [15] [16] The aim of the current study was to analyze the correlation between the presence of LVI and clinicopathological characteristics in radically resected thoracic ESCC. The impact of LVI on prognosis was also investigated.
Methods Patients
The Medical Ethics Committee of Fujian Cancer Hospital approved this study. We screened patients diagnosed with thoracic ESCC who underwent radical esophagectomy at Fujian Cancer Hospital from January 2001 to December 2010. The selection criteria included: (i) pathologically confirmed ESCC; (ii) transthoracic esophagectomy with three-field lymphadenectomy had been performed; (iii) pathological T status of T1, T2, T3, or T4a; (iv) microscopically complete resection of the tumor (R0); and (v) aged ≥ 18 and ≤ 75 years. We did not include patients who died as a result of perioperative complications. Patients who received neoadjuvant chemotherapy or radiotherapy were also excluded. A total of 1586 patients were selected for the study.
Detailed clinicopathological data including patient age, gender, tumor location, depth of tumor invasion, tumor cell differentiation, lymph node status, and LVI, are summarized in Table 1 . Pathological staging was reassessed based on the 7th AJCC staging system. 9 
Pathological review
A pathologist blinded to the pathological diagnoses and outcomes reviewed a minimum of two original histopathologic primary tumor slides. Any discrepancies between pathological diagnosis and diagnosis at the time of esophagectomy were resolved by simultaneous re-examination of all primary tumor slides by two pathologists. LVI was defined as the presence of neoplastic structures inside the lumen of a vessel (Fig 1) . 17 The diameter of the lumen was generally < 300 μm, including venules, arterioles, and small lymph vessels. As they cannot be distinguished under a microscope on hematoxylin and eosin stained slides, all of these structures are referred to as LVI.
Follow up
After primary treatment, patients were followed up at the outpatient clinic every three months for the first two years, and every six months for the next three years thereafter. If a patient could not afford regular follow-up visits, they were contacted via telephone and asked predetermined questions with special emphasis on their vital status. If the patient had died, family members were contacted to determine whether or not the patient's death was caused by esophageal cancer. All patients were followed up for at least five years or until death.
Statistical analysis
Statistical analysis was performed using SPSS version 22.0 (IBM Corp., Armonk, NY, USA). Correlations between LVI and clinicopathological features were evaluated by χ 2 test. Multiple logistic regression analysis was performed to determine any association between clinicopathological features and the presence of LVI. Overall survival (OS) was defined from the date of esophagectomy to the date of death or final follow-up. For univariate analysis, survival was derived using the Kaplan-Meier method, and the differences between curves were assessed by the log-rank test. Factors with statistical significance (P < 0.05) in univariate analyses were included in multivariate analysis. Multivariate analysis was performed using the Cox proportional hazards regression model. We hypothesized that patients with LVI could be staged at more advanced pN classifications. The Akaike information criterion (AIC) and the concordance index (c-index) were employed in the Cox proportional hazards regression model to assess the prognostic accuracy of the different pN staging systems. AIC was defined as previously described.
Lower AIC values indicate better goodness-of-fit. The cindex was calculated using R software version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria), and larger c-index values indicate better predicted precision of outcome. 18 
Results

Lymphovascular invasion (LVI) patterns and association with clinicopathological variables
The presence of LVI was detected in 406 out of 1586 (25.6%) ESCC patients. LVI was significantly associated with gender, depth of tumor invasion, pN classification, and tumor cell differentiation (Table 1) . No correlation was observed between LVI and age or tumor location. Logistic analysis revealed that LVI frequency was significantly higher in patients with higher pN classifications (odds ratio 1.520, 95% confidence interval 1.353-1.708; P < 0.001).
Prognostic value of LVI in thoracic esophageal squamous cell carcinoma (ESCC) patients Univariate analyses of clinicopathological factors and the presence of LVI were performed to explore the factors affecting the prognosis of thoracic ESCC patients who underwent radical esophagectomy. Among the factors analyzed, gender (P < 0.001), age (≥ 56/< 56, P = 0.007), pathological T stage (P < 0.001), pathological N stage (P < 0.001), and the presence of LVI (P < 0.001) were significant prognostic factors (Fig 2) . Other factors, such as tumor location and tumor cell differentiation, did not significantly affect prognosis. We included the five factors detected by univariate analysis as significant in multivariate analysis to identify independent prognostic factors. As shown in Table 2 , the presence of LVI had independent significant prognostic value in radically resected thoracic ESCC (P < 0.001). 
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We then performed univariate survival analyses for the presence of LVI stratified by pN stage. The results demonstrated that the presence of LVI significantly decreased OS in pathological N0 (P < 0.001), N2 (P = 0.004), and N3 (P = 0.002) stage patients, but not N1 (P = 0.131) stage patients (Fig 3) . However, pN1 stage patients with LVI had poorer five-year survival than patients without LVI (40.9% vs. 51.4%).
LVI as a potential supplement to the pN classification of ESCC
Further univariate survival analyses were performed to compare the prognosis of patients with and without LVI at more advanced pN stages. The results showed that the prognosis in pN0 patients with LVI was similar to pN1 patients without LVI (P = 0.851) (Fig 3) . The same results were also observed in patients with other pN classifications: pN1 patients with LVI had a prognosis similar to pN2 patients without LVI (P = 0.312); pN2 patients with LVI had a prognosis similar to pN3 patients without LVI (P = 0.983).
According to these results, we hypothesized that LVI is a potential supplement to the pN classification of ESCC: patients with LVI could be staged at more advanced pN classifications. That is, pN0 patients without LVI could be classified as pN0; pN0 patients with LVI and pN1 patients without LVI could be classified as pN1; pN1 patients with LVI and pN2 patients without LVI could be classified as pN2; pN2 patients with LVI and pN3 patients without LVI could be classified as pN3; and pN3 patients with LVI could be classified as pN4. Figure 4 shows the survival curves for the different classifications of the current and modified pN staging systems. Because both pN classifications were determined as prognostic factors in univariate analyses, two separate multivariate models were developed: one included age, gender, pT stage, and current pN stage; while the other included age, gender, pT stage, and modified pN stage. As shown in Table 2 , using both models in accordance with the different staging systems, gender, age, pT stage, and pN stage were all independent prognostic factors for OS. The efficiency of the current and modified pN staging systems were quantified based on the likelihood ratio chi-square, AIC, and c-index. The results in Table 3 show that the AIC value in the modified model was lower and the c-index value in the modified model was higher than that of the current model, indicating that the modified pN staging system is a better prognostic stratification.
Discussion
The current TNM staging system comprising depth of tumor invasion, tumor cell differentiation, regional lymph node metastasis, and distant metastasis is considered the most effective prognostic factor of esophageal cancer. Pathological studies have incorporated LVI into the TNM staging systems of multiple cancers; 10, 19, 20 however the prognostic value of LVI in esophageal cancer remains controversial. Most retrospective studies indicated the presence of LVI as a poor prognostic factor for esophageal cancer.
11-14 Zhu et al. proposed a new prognostic model with the pN classification supplemented by LVI that might improve the ability to discriminate esophageal cancer patient outcomes. 13 On the other hand, some studies suggested that the presence of LVI may not be a significant risk factor in esophageal cancer recurrence. 15, 16 In this study, we retrospectively reviewed the presence of LVI in radically resected thoracic ESCC. Our results demonstrated that LVI was present in 406 out of 1586 (25.6%) ESCC patients and LVI frequency was significantly higher in patients with higher pN classifications, which is consistent with the results of previous reports. [12] [13] [14] Survival analyses revealed that LVI was an independent prognostic indicator in radically resected thoracic ESCC. Khan et al. and Waraich et al. reported that LVI was not a prognostic indicator in esophageal cancer; 15, 16 however, the histology of tumors in their studies included adenocarcinoma and squamous cell carcinoma, and adenocarcinoma was the predominant histology type.
Univariate survival analyses stratified by pN stage showed that patients with LVI had poorer survival than patients at the same pN stage without LVI, but a similar prognosis to patients with more advanced pN stage that in those without LVI. Therefore, we propose LVI as a potential supplement to the pN staging system of ESCC: patients with LVI could be promoted to a more advanced pN classification. Compared to the current pN staging system, the proposed modified system including the presence of LVI showed better prognostic stratification. To our knowledge, this is the first report to incorporate LVI into the ESCC pN staging system. Zhu et al. proposed the presence of LVI and lymph node metastasis as equal risk factors in ESCC; however, they did not stratify detailed pN stage. There are some limitations to our study. First, the presence of LVI was evaluated on hematoxylin and eosin stained slides without any distinction between lymphatic and vascular invasion. Wang et al. reported that the emergence of biomarkers for lymphatic endothelium (Podoplanin) and vascular endothelium (CD34) provides an opportunity to distinguish the existence of lymphatic and vascular invasion in ESCC.
14 Second, we chose cancerrelated OS as the endpoint rather than disease-free survival (DFS). Some authors consider DFS as a better endpoint because it can more significantly evaluate the association between the presence of LVI and locoregional or distant recurrence. However, we were unable to choose DFS as our research endpoint because of incomplete follow-up data.
In conclusion, our findings suggest that the presence of LVI is significantly correlated with pN classification. LVI is considered an independent prognostic indicator in radically resected thoracic ESCC and could potentially supplement the pN staging system for thoracic ESCC. Patients with ESCC with LVI could be promoted to more advanced pN classifications.
